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Abstract 
Reversible fasteners suited for Active Disassembly (AD), which can be simultaneously released by an increase in ambient air pressure, have 
been developed in prior research. However, the implementation of these active fasteners in electronic consumer products is hampered as a 
result of the ongoing trend of miniaturization. Therefore, a second generation of pressure based fasteners was developed in line with the 
evolutionary TRIZ trends. This paper presents a novel pressure sensitive snap-fit for electronic products which makes use of closed cell 
elastomer foam and releases at an overpressure of 2 bar.  
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1. Introduction 
In response to increasing resource prices and consumer 
awareness, Original Equipment Manufacturers (OEMs) are 
putting efforts in reducing resource consumption and lowering 
the environmental load of their products by deploying product 
Life Cycle Engineering (LCE) [1]. Recent evolutions in 
European legislation, such as the Waste Electric and 
Electronic Equipment (WEEE), End-of-Live Vehicle (ELV) 
and Eco-design directives, encourage this evolution by 
extending the producer responsibility. 
Boothroyd and Alting already presented this product life
cycle concept in the 90s and predicted a trend towards 
Product-Service System (PSS) business models in which the 
product remains property of the OEMs [2, 3]. In such a PSS 
OEMs are responsible for the maintenance and disposal of 
these products. The implementation of LCE in combination 
with PSS business models has been demonstrated to have 
significant potential to increase resource efficiency [4, 5]. At 
present, there are, however, only a limited number of OEMs 
that significantly reduced their resource consumption and 
environmental loads by successfully implementing such a 
business model and LCE technologies [1].  
One of the challenges OEMs currently face is that in most 
cases a PSS business model is required to obtain a return on 
investment in the development and implementation of LCE 
technologies, whereas the implementation of more advanced 
PSS business models is in many cases only interesting for 
products designed from an LCE perspective. To overcome 
this chicken and egg dilemma and to increase resource 
efficiency, new product designs are required which enable to
extend the product lifetime and which facilitate material 
recovery at the product’s End-of-Life (EoL) to make the 
adaptation of PSS business models more attractive. 
For products sold in a PSS in which the customer pays for 
the delivered service or availability of the service, high 
product availability is often requested by the consumer. 
Therefore, products which fail are in most cases directly 
replaced by a functioning product and the failed products are 
systematically reconditioned or remanufactured. The most 
crucial steps of reconditioning and remanufacturing processes, 
in which products are returned to either satisfactory or 
original performance, are inspection, cleaning and 
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reprocessing [6]. Since these operations all require access to 
product components, the implementation of Design for 
Disassembly (DfD) will significantly reduce the costs of 
refurbishing and remanufacturing operations. 
In addition, prior research has demonstrated that in a 
disassembly based EoL treatment up to 70% more Precious 
Metals (PMs) can be recycled from electronic products 
compared to an EoL treatment in which the EoL products are 
shredded without pre-processing [7]. Performed tests in 
cooperation with OEMs and recyclers have demonstrated that 
plastics produced on a smaller scale, such as plastics 
containing Flame Retardants (FRs), can nowadays only be 
closed loop recycled by applying a disassembly based 
treatment [8]. Since electronic products contain a high 
concentration of PMs and a broad variety of both FR and non-
FR plastics, the implementation of DfD in electronic products 
has the potential to shift the EoL treatment for these products 
from a cost factor to a profit generating activity or to simply 
reduce treatment costs [9-11]. 
Accordingly, the question to address is: “How should DfD 
be implemented in the coming generation of electronic 
products sold in a PSS?". The efficiency of different types of 
disassembly operations can be improved by simplifying the 
product architecture and by the application of DfD fastening 
techniques [12]. Whereas simplified product structures 
facilitate all types of disassembly operations, the 
implementation of DfD fasteners will mostly facilitate only 
specific disassembly operations. Therefore, three types of 
disassembly operations are compared and discussed in this 
article. Since Active Disassembly (AD) is considered to be 
the most promising DfD strategy, a novel type of active 
fastener was developed, which is presented in section 3. 
2. Disassembly types 
Since the optimal product design from a DfD perspective 
strongly depends on the considered disassembly operations, a 
question that arises before improving the product or fastener 
design is: “Which type of disassembly should be facilitated?” 
To assist product designers in making this decision, three 
distinct types of disassembly are discussed in this chapter: 
manual, automated and AD. 
2.1. Manual Disassembly 
Manual disassembly is a process based on manual 
operations, possibly assisted by electrical or pneumatic hand 
tools. The treatment cost of a manual disassembly mainly 
depends on the amount of time required to disassemble a 
product and the labor wages. Other costs such as investment 
in disassembly stations and tools required for manual 
disassembly can in proportion to the operational costs be 
neglected in industrialized countries. Due to high labor costs 
in Europe, manual disassembly of WEEE is under the current 
boundary conditions generally characterized by a low to 
negative profitability [13]. Consequently, manual disassembly 
is only performed in low wage countries, such as developing 
countries [14] or in industrialized regions for the depollution 
of WEEE when required by legislation.  
Many efforts have been made in prior research to develop 
design for manual disassembly strategies [12]. However, prior 
research has concluded that the time to localize and identify 
fasteners already covers approximately 30% of the total 
disassembly time, whereas the economic feasibility of 
complete disassembly can only be guaranteed in industrialized 
countries for a broad range of products if the disassembly 
time and cost are reduced by at least 70% [10, 15]. Therefore, 
design for manual disassembly strategies have limited 
potential to make systematic disassembly a preferred EoL 
treatment in industrialized regions [11]. 
2.2. Automated Disassembly 
Automated disassembly is a process in which specific or 
all operations are supported by automated systems requiring a 
number of dedicated setups. The technical feasibility of 
automating a non-destructive disassembly process has been 
demonstrated in prior research for, among others, personal 
computers [16] and mobile phones [17]. Furthermore, the 
feasibility of automating semi-destructive operations in which 
only the fasteners or specific components are destroyed has 
been demonstrated for washing machines [18]. 
A reduction in the total disassembly time of up to 50% has 
been demonstrated by the automation of the disassembly 
processes for homogeneous product series [19]. However, the 
industrial implementation of automated disassembly processes 
for the currently collected WEEE and ELVs is limited by the 
variation of the returning products, which requires a high 
capacity of recognition and intelligence [20, 21].  
2.3. Active Disassembly 
AD requires the implementation of generically applicable 
fasteners in the product structure during manufacturing, for 
which a specific external trigger or a combination of triggers 
can initiate a simultaneous unfastening process (one-to-many) 
without direct individual physical contact [13]. The main 
advantage of active disassembly compared to other 
disassembly methods is that, once the suitable trigger is 
identified, either all or a specific set of active fasteners can be 
simultaneously released and multiple products can be jointly 
disassembled either completely or partially.  
Based on prior research, AD is assumed to allow a 
reduction in disassembly time of 80 to 90% [15]. Moreover, 
the total disassembly costs, including the operational costs for 
applying a trigger and the depreciation costs of the 
disassembly installation, can be reduced up to 70% compared 
to manual disassembly [15]. Hence, AD has substantial 
potential to make DfD for electronic products economically 
viable in industrialized regions. Therefore, the presented 
research centers on design for AD for the future generation of 
electronic equipment. 
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Table 1 Positively evaluated triggers for AD for electronic products 
Trigger Amount of energy 
required  
Limitations on 
penetration depth 
Max. OEM’s test 
boundary 
Extreme conditions 
during use phase 
Max. boundary without 
damage to product 
Increase pressure low air-tight  Not tested 1.2 bar < 7 bar  
Decrease pressure low air-tight  Not tested 0.5 bar >0.1 bar 
Increase temperature high insulation 70 °C 90 °C 110 °C 
RF electromagnetic waves low shielding problem 3 V/m @ 80 - 1000 MHz  
30 V/m @ 1800, 2600, 3500, 5000 MHz 
frequency dependent 
     
3. Active fastener design 
3.1. Trends and related challenges 
The evolution of electronic products is a good example of 
the trend of miniaturization of the problem-solving, analysis 
and forecasting tool TRIZ, which was derived from the study 
of patterns of inventions in the global patent literature [22]. 
Unfortunately, this trend impedes the implementation of some 
of the in prior research developed active fasteners in today’s 
products due to size restrictions.  
For example, the in prior research developed fasteners that 
make use of the expansion of water when freezing or of 
pneumatic expansion are difficult to implement in the current 
generation of products [23, 24]. Furthermore, the number of 
materials applied in electronic equipment and the velocity at 
which new product designs are released on the market has 
drastically increased over the last decades. Therefore, a broad 
range of active fasteners is required to deliver the design 
freedom designers want. Besides technical constraints, also 
economic constraints have to be taken into account, which is 
why the use of expensive resources or processes to produce 
and trigger the active fasteners should be avoided. For that 
reason, working principles for AD, such as the chemical 
reaction proposed by Suga et al. [25, 26], where a hydrogen 
storage alloy is pulverized in a hydrogen atmosphere under a 
pressure of 4 bar and a temperature of 100 °C, are less 
interesting for an industrial implementation. 
3.2. Physical principle: Trigger signal 
Depending on whether the product is expected to be only 
disassembled for the purpose of material recycling or also for 
the purpose of repair, reconditioning, remanufacturing or 
component reuse, a non-destructive and/or a partially 
destructive disassembly process should be facilitated. Since 
the cost of repair and reverse logistics is generally lower than 
the total production cost of electronic equipment, the option 
of repair is mostly considered as a requirement from an 
economic perspective. 
Therefore, the applicability of several trigger signals for 
AD and the destructiveness of these triggers for a broad range 
of electronic components were explored by means of 
experiments and discussions with different specialists. In 
addition, the robustness of applying these triggers for AD was 
evaluated based on the presence of these triggers during the 
product lifetime. Based on these analyses, the triggers with 
the highest potential for non-destructive AD are pointed out, 
as shown in Table 1. This table presents an estimation of the 
required energy for applying these triggers and possible 
limitations of these triggers for penetrating an electronic 
product, which are strongly related to the triggering cost and 
efficiency. In addition, extreme conditions to which a product 
could be exposed during its lifecycle are compared with the 
extent to which a product can withstand a trigger, to indicate 
which triggers range could be used for AD for the purpose of 
repair, remanufacturing or reconditioning, while avoiding 
unwanted disassembly. 
The most advanced research on active disassembly yet is 
based on shape memory materials which are able to return to 
an initial shape when heated above the trigger temperature 
[27-32]. However, a substantial amount of energy is required 
for heating up electronic products above the upper limit of the 
temperature range of the use phase of these products. In 
addition, the surrounding temperature can in extreme 
conditions almost reach the temperature at which electronic 
components start to fail, which leaves only a small 
temperature range to trigger the active fasteners. Since the 
fasteners are often insulated by the product housing, a 
temperature triggered disassembly process is generally slow 
and can only be accelerated by submersion of the product in a 
hot liquid [33]. Furthermore, it should be considered that 
electronic components always produce heat when functioning, 
which could cause accidental triggering. Accordingly, it can 
be concluded that temperature increase is not a robust and 
efficient trigger for AD, which is assumed to be one of the 
reasons for the limited industrial implementation of active 
fasteners made from shape memory materials. On the other 
hand, temperature sensitive tapes and glues are commonly 
applied in nowadays electronics, such as the Mac Air 
notebook and the HTC Desire smartphone. It should be noted 
that this is an example of destructive AD or design embedded 
disassembly, since the triggering temperature of these tapes is 
commonly higher than the maximum failing temperature of 
Printed Wiring Boards (PWBs). Accordingly, these tapes can 
for the purpose of repair only be released by local heating, but 
can also be actively disassembled for the purpose of material 
recycling. 
The destructiveness of electromagnetic waves for 
electronic products strongly depends on energy content of the 
waves. Prior research has demonstrated the feasibility of using 
Radio Frequency (RF) waves for wireless energy transfer over 
a distance of 2m with an efficiency of approximately 40% 
[34], which was achieved by making use of the principle of 
resonant inductive coupling discovered by Tesla [35]. Since 
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this principle is commonly applied for recharging electronic 
products, RF waves could also be used as a non-destructive 
trigger for AD. Within the presented research a test setup was 
constructed, in which a planar circular receiving coil with a 
resonance frequency of 62 kHz and an inductance of 29 PH 
was electrically coupled to both a capacitor of 227 nF and a 
resistance wire of 8Ω. In addition, a planar circular emitting 
coil with the same resonance frequency and an inductance of 
28,3 PH was electrically coupled to a capacitor of 233 nF and 
a function generator and amplifier which produced a 62 kHz 
signal of 30 V and 20 W. When these two coils were placed 
parallel at a distance of 20 mm the electromagnetic energy 
was transferred with an efficiency of 45%. This energy was 
converted into heat by resistance wire, which in its turn 
successfully trigged a temperature sensitive tape which 
retained the assembly.  
Performed tests also demonstrated that the efficiency at 
which the energy was transmitted rapidly decreased below 5% 
when the receiving coil was placed at a distance of 60mm or 
under an angle of more than 60 degrees with the transmitting 
coil or when a metal or PWB was placed closer than 10 mm to 
the receiving coil. Because of the required positioning of the 
product and because electronic products always contain a 
PWB, it was concluded that the applicability of RF 
electromagnetic waves as a trigger for AD is limited for 
electronic equipment. 
A pressure increase or decrease has been evaluated in prior 
research as one of the triggers with the highest potential for 
AD [36]. To evaluate the destructiveness of pressure for 
electronic components all PWBs of an LCD TV and a 
complete notebook were put under an increased pressure of 7 
bar and in a nearly vacuum of -0.9 bar. Since both the LCD 
TV and the notebook were evaluated to maintain full 
functionality, these experiments demonstrated that pressure 
could be used as a non-destructive trigger for AD for 
electronic products with the exception of airtight products, 
such as toothbrushes.  
An additional advantage of using pressure increase as a 
trigger for AD, is that it requires substantially less energy 
compared heating up an electronic product above the max 
temperature of the use phase.  
In addition, there is a very low chance of accidentally 
triggering pressure based active fasteners, since pressure 
increases during the lifetime of an electronic product are very 
limited. Therefore, this research focused on developing the 
next generation of pressure sensitive active fasteners. In 
addition, the application of a pressure increase in combination 
with a temperature increase was further explored, because 
such a multi-triggered AD process will improve the safety 
margins that prevent involuntary disassembly. Moreover, 
individual trigger levels can be set relatively low by carefully 
selecting both the temperature and pressure required for 
triggering, so that the chance that both triggers appear 
simultaneously during a normal use phase is negligible.  
3.3. Working principle: Compression by pressure 
Three main principles which can be used to develop a 
reversible fastener are: fasteners that can release by 
deformation, fasteners that can release due to a change in 
adhesion or cohesion forces and fasteners that can release by a 
change in a certain field, for example change in a magnetic 
field. Multiple physiochemical working principles that could 
initiate such an action as the result of a pressure increase were 
explored. The most promising working principle is the 
principle presented by Neubert et al. in which a fastener with 
a cavity can be triggered by applying an external air pressure, 
as shown in Figure 1 a. Fasteners with the same working 
principle were also retrieved in patents of which the earliest 
date from 1990 [US005102253A] [US2003/0044229]. The 
main advantage of this working principle is its robustness due 
to a high stability over time and possibility to simultaneously 
release multiple fasteners at a high speed.  
3.4. The embodiment: Foam based pressure sensitive snap-fit  
Within prior research new embodiments were explored for 
the working principle presented by Neubert et al., as shown in 
Figure 1. By means of topology optimization an optimized 
shape was developed for a pressure sensitive snap-fit [23, 36, 
37]. In collaboration with Philips this shape was further 
optimized by implementing plastic hinges in the snap-fit 
design. The feasibility of releasing this fastener at an 
overpressure of 2 bar was demonstrated with a prototype build 
with stereolithography (SLA), which is shown in Figure 1 c 
[38]. However, industrial implementation of this fastener in 
future electronic equipment is hindered because of the 
relatively large volume of 30x30x35 mm that is minimally 
required to implement this fastener. For the development of 
the next generation of pressure sensitive fasteners the TRIZ 
trend “Space segmentation” was taken into consideration.  
 
 
a.    b.     c.     d.   
Figure 1 (a) Working principle for pressure sensitive fastener developed by Neubert et al. [24], (b) Pressure sensitive snap-fit embodiment optimized based on 
topology optimization by Willems et al. [13, 36], (c) Prototype of pressure sensitive snap-fit embodiment optimized in cooperation with Philips [38], (d) Next 
generation of pressure sensitive snap-fit making use of a closed cell elastic polymer foam at atmospheric pressure and at 2 bar overpressure
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This trend indicates that fasteners will evolve from a 
monolithic system to a system with a cavity, to a system with 
multiple cavities. In accordance with this trend, snap-fits were 
developed with closed cell foam, which will contract under 
increased surrounding pressure and will cause the snap-fit to 
release, as shown in Figure 1. The presented embodiment was 
obtained by an alternation of idea generation by using 
brainstorming, TRIZ and design-by-analogy techniques and 
systematic evaluation of the generated ideas by means of 
functional prototypes which were evaluated by multiple 
expert panels. In addition, the embodiments were analyzed 
based on axiomatic design to verify if the independence 
axiom was fulfilled. In an initial stage, the embodiment of the 
snap-fit shown in Figure 1 b & c was adapted and the cavity 
was simply replaced by a closed cell foam. Unfortunately, 
prototypes demonstrated the poor functioning of this 
embodiment. Therefore, the design was further decoupled in 
accordance with the independence axiom by splitting up the 
plastic component into two parts which can move apart from 
one another. This result in an independence between the two 
design parameters: the selected snap-fit material and the 
height of the snap-fit and the functional requirement: that the 
snap-fit should release at increased pressure, as shown in 
Table 2.  
An additional advantage of the closed cell elastic foam is 
that it can also be used in a fastener to clamp the attached 
components, while allowing sufficient play between the 
fastener and the attached components to facilitate easy release 
when a pressure increase is applied, as shown in Figure 1 d.  
The proper functioning of the developed snap-fit was 
further evaluated by means of prototyping in which the 
applicability of a broad range of closed cell foams from 
different plastics and with a variety of densities was tested. 
These tests demonstrated optimal functioning of pressure 
sensitive snap-fits equipped with closed cell elastic foams 
with a density below 50 kg/m3, such as the in this research 
used high durability cross-linked Metallocene Polyethylene 
foam with a density of 15 kg/m3. Another possibility is to use 
foams based on temperature sensitive materials that increase 
in flexibility or of which the foam structure changes at 
elevated temperatures to lower the chance of involuntary 
disassembly by combining multiple trigger signals. 
Table 2 Relation between the design parameters and the functional 
requirements according to the axiomatic design methodology 
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One of the advantages compared to the use of a single 
cavity is that with mass production technologies it is difficult 
to obtain a cavity without an assembly step, whereas the 
fastener shown in Figure 1 d and e can be produced in a single 
production process by a co-extrusion process, as commonly 
used for the extrusion of a coated flexible Poly-Ethylene (PE) 
foam, or by a two or multiple cavities injection molding 
process, which is commonly used for the production of 
temperature resistant seals on plastic components made from 
flexible Poly-Urethane foam [39]. 
4. Conclusions and outline for future research 
Within prior research it was demonstrated that disassembly 
allows recovering more value from EoL electronic equipment 
and is preferable from an environmental perspective. 
However, OEMs currently face the dilemma that investing in 
DfD is only interesting when a PSS oriented business model 
is adopted, whereas the adaptation of such a business model is 
only of value for products designed from an LCE perspective. 
To overcome this dilemma, a novel pressure sensitive fastener 
was presented, which has the potential to significantly reduce 
disassembly costs and can be more easily implemented in 
electronic products, because of its reduced size. The 
functioning of this snap-fit that makes use of a flexible closed 
cell foam was demonstrated by means of prototypes and the 
robustness of the design was validated by means of axiomatic 
design. 
To stimulate the implementation of the developed pressure 
sensitive fasteners, ongoing research focuses on quantifying 
how product design improvements can create both 
opportunities for OEMs and society from an economic and 
environmental perspective. Furthermore, to allow 
manufacturers and recyclers to jointly benefit from product 
improvements, new business models are being explored in 
which manufacturers and recyclers can closely cooperate. 
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